Abstract-Using the scintillation index of general beam formulation, bit error rate (BER) is investigated for focused Gaussian, cos-Gaussian, cosh-Gaussian and annular beams in weak atmospheric turbulence. We have employed our previously derived formulation of the scintillation index of these beams by Rytov method. Rytov method scintillation theory is known to yield accurate results for focused beams on horizontal paths under certain regions. Therefore we find the scintillation indices of the mentioned beams for the valid region. Using the log-normal distributed intensity, BER values versus signal-to-noise ratio (SNR) are calculated for Gaussian, cos-Gaussian, cosh-Gaussian and annular beams. In our study, the focal lengths (radius of curvature) of all the mentioned focused beams are equal to the propagation distance. The improvement of BER is observed for variations of propagation length, source size and wavelength of operation. Based on these parameters, BER values of Gaussian, cos-Gaussian, cosh-Gaussian and annular beams are compared. BER values we found for the focused Gaussian, cos-Gaussian, cosh-Gaussian and annular beams decrease with increasing source sizes. Likewise, BER values of focused Gaussian, cos-Gaussian, cosh-Gaussian and annular beams decrease with increasing wavelength. The focused annular beam attains the lowest BER value for small source sizes and long propagation distances. Moreover, BER for focused beams is compared with their collimated counterparts. We observe that focused beams have lower BER values than the collimated beams on horizontal paths. Our formulation can easily be extended to cover corresponding higher order beams, however in this paper we concentrate mainly on the zero order beams.
INTRODUCTION
In atmospheric optical communication systems, turbulence causes intensity fluctuations in the received signal. This effect reduces the performance of optical communication systems. One of the important performance criteria of atmospheric optical communication links is BER, which is related to the intensity fluctuations. BER of optical beam was studied by Andrews et al. [1] . Recently, BER of the Gaussian beam has been extensively examined [2, 3] . In our previous study, we investigated BER for collimated general beams in weak atmospheric turbulence [4] . In this study we analyze the BER for focused Gaussian, cos-Gaussian, cosh-Gaussian and annular beams in weak atmospheric turbulence versus SNR variations. Theoretical and experimental studies of performance analysis of focused beams generally center around the scintillation index [5] . Scintillation index of focused general-type beams was investigated by our group [6] . In this study, for the BER calculation, we used the scintillation index of higher order general beam formula developed earlier [7] .
BIT ERROR RATE
For the BER calculation, we use the on-off keying (OOK) modulation in binary direct detection receivers. In the weak atmospheric turbulence, the average BER which is based on the log-normal probability density function associated with the intensity fluctuations, is given as [1] :
where u = s/ i s is the normalized signal with unit mean, erfc(x) is the complementary error function, σ 2 I is the scintillation index and the mean signal to noise ratio SNR in atmospheric turbulence is defined by
Here P SO is the signal power in the absence of atmospheric turbulence, P S is the averaged power of the received signal propagating in atmosphere. For a point detector, the powers P SO and P S become the on-axis counterparts and σ 2 I becomes the on-axis scintillation index. SNR 0 is the signal to noise ratio in the absence of atmospheric turbulence and is defined by the ratio of the detector signal current i s to the standard deviation of the detector noise σ N .
RESULTS AND DISCUSSION
Using Eq. (1), we plot BER versus SNR for the focused Gaussian, cos-Gaussian, cosh-Gaussian and annular beams in weak atmospheric turbulence. For the numerical calculation of σ 2 I in Eq. (1), scintillation index formula in Ref. [7] is utilized. In Ref. [7] , scintillation index formula is derived in weak atmospheric turbulence using the Rytov method and is evaluated at the on-axis position, hence BER is calculated at the on-axis point. Since Rytov method scintillation theory is known to yield accurate results for focused beams on horizontal paths under certain regions, we find the scintillation indices of the mentioned beams for the valid region [5] . BER variations of the focused Gaussian, cos-Gaussian, cosh-Gaussian and annular beams are observed versus the propagation length, source size and the wavelength. The necessary steps to derive the scintillation indices of these beams are provided in Ref. [7] . In the case of our beams, scintillation index, which is derived using Rytov method, satisfy σ 2 I < 1 for the given propagation parameters [1] . In our plots, for the scintillation index values, structure constant C 2 n is taken as 10 −14 m −2/3 , focal lengths (radius of curvature) of all the mentioned focused beams are equal to the propagation distance F = L, for all the beams, the source sizes are taken to be equal α s = α s1 = α s2 , except the annular beam source sizes. In Figs. 1(a), 1(b), 3(a) and 3(b), displacement parameters are taken as V x = 50 m −1 and V x = 50i m −1 for cos-Gaussian and cosh-Gaussian beams, respectively. For the focused zero order beam types in all figures, orders of the beams are equal to zero, i.e., n = 0 and m = 0.
Figure 1(a) shows BER variation versus SNR for the focused Gaussian, cos-Gaussian, coshGaussian and annular beams. In this figure, the propagation length, source size and wavelength of operation values are taken as L = 2.5 km, α s = 1 cm and λ = 1.55 µm, respectively. It is seen that focused annular beam has the lowest BER value.
In Fig. 1(b) , we only increase the propagation distance to L = 3 km to examine the effect of the propagation length. Like in Fig. 1(a) , in Fig. 1(b) , focused annular beam has also the lowest BER value. On the other hand, comparing Fig. 1(a) and Fig. 1(b) , it is seen that BER increases as the propagation length increases.
In Figs Fig. 2(a) , we observe that BER of focused cosh-Gaussian beam is the smallest for the given parameters. In Fig. 2(b) , focused cosh-Gaussian beam attains the lowest BER and annular beam has almost the same BER .
Wavelength variation of the mentioned focused beams is examined in Fig. 3 (a) in which we take λ = 0.85 µm, L = 2.5 km and α s = 1 cm. According to Fig. 3(a) , focused annular beam reaches the best system performance. It is detected from Figs. 1(a) and 3(a) that, BER values of the focused beams increase with decreasing wavelength for the given parameters. Figure 3 (b) displays the BER variation versus the SNR for the collimated Gaussian, cosGaussian, cosh-Gaussian and annular beams. In this figure, in order to compare with the focused counterparts, we investigated the BER of the collimated beams having focal length F = ∞, propagation length L = 2.5 km, source size α s = 1 cm and wavelength of operation λ = 1.55 µm. Based on Fig. 1(a) and Fig. 3(b) , we note that the focused beams have lower BER values than the collimated beams. 
CONCLUSIONS
We have examined the average BER of focused Gaussian, cos-Gaussian, cosh-Gaussian and annular beams in direct detection optical receivers. For this purpose, based on on-off keying modulation, average BER versus average SNR is calculated for the mentioned focused beams in weak atmospheric turbulence. Using the formulation for the scintillation index of general beam, BER characteristics of focused Gaussian, cos-Gaussian, cosh-Gaussian and annular beams are investigated and compared with respect to the propagation length, source size and wavelength of operation. We observed that if the displacement parameters of the beams are fixed, focused annular beam improves the system performance more than the other focused beams for long propagation distances and at small source sizes. As expected, BER values of these beams increase with extended link length. To investigate the source size effect on system performance, we set the displacement parameters of cos-Gaussian and cosh-Gaussian beams to be the inverse of the respective source sizes. The graphical outputs show that BER values of all the mentioned beams decrease with growing source sizes. When examined versus the wavelength, it is seen that BER values of the focused beams increase with decreasing wavelength. Additionally, BER of the collimated counterparts of these beams are also analyzed and it is observed that the focused beams improve the system performance more than the collimated beams.
